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PRODUCED WATER. 
Major Field: MICROBIOLOGY AND MOLECULAR GENETICS 
Abstract: Produced water is an extremely toxic environmental wastewater source 
derived from oil-production. Produced water is typically a highly saline waste water 
containing a litany of hydrocarbon and heavy metal pollution. It is very cost 
ineffective to remediate and return this water to the natural sources it was obtained 
from prior to oil-production. We have metagenomically characterized a halophilic 
mixed culture (KWT) and identified the most abundant organism to be an 
Arhodomonas sp. Within the metagenome, we successfully identified a large 
assortment of genes theoretically responsible for BTEX degradation belonging to the 
Arhodomonas sp. Using this KWT culture (and another microbial enrichment Rozel), 
a complete removal of BTEX in raw produced water from Payne county was 
achieved. Degradation capability was rescued in extremely toxic produced water from 
Grant county via a wastewater dilution strategy. In addition to the above mixed 
culture characterization, we were able to successfully isolate an organism with a 99% 
16S rRNA similarity to a novel organism, Modicisalibacter tunisiensis. 
Modicisalibacter sp. Wilcox genome encodes an assortment of genes responsible for 
a variety of different hydrocarbon degradation including aromatic ring compounds 
(BTEX and benzoate), aliphatic compounds (hexadecane, decane, eicosane) as well as 
biphenyls. We functionally confirmed the degradation of BTEX, benzoate, and 
hexadecane. We saw an optimum BTEX degradation rate in 1M NaCl concentrations 
but also noted complete BTEX degradation in 4M NaCl, granted over a 72-day 
period. Modicisalibacter sp. Wilcox was also capable of degrading BTEX natively in 
produced water from Payne county. Modicisalibacter sp. Wilcox genome encodes 
genes responsible for the first step of nitrate-reduction suggesting its ability to respire 
nitrate anaerobically. Interestingly, under nitrate-reducing conditions, 
Modicisalibacter sp. Wilcox seems to be able to oxidize and degrade only ethyl 
benzene in a mixture of BTEX. As the sole carbon source, Modicisalibacter sp. 
Wilcox was able to degrade ethyl benzene completely in 5 days. More work needs to 
be done to quantify the amounts of nitrate used in ethyl benzene oxidation under 
anaerobic conditions.      
iv 
 





TABLE OF CONTENTS 
 
 




II.REVIEW OF LITERATURE…………………………………………………….....3 
  
II.2: Halophiles’ Environmental Adaptations.…………………..………….…7 
 II.2.1: Osmoprotection.………………………………………….………….…7 
 II.2.2: Heavy Metal Tolerance.………………………………….………….…8 
 II.2.3: Unique Protein Adaptations……………………………….……….......9 
 II.3: Aerobic Degradation of BTEX……………………….…………….....…9 
 II.4: Anaerobic Degradation of BTEX…………………………………….…12 
 II.4.1: Anaerobic Benzene Degradation……………..……………............….12 
 II.4.2: Anaerobic Toluene Degradation………………………...………….…12 
 II.4.3: Anaerobic Ethyl Benzene Degradation…………………………….…13 
 II.4.4: Anaerobic Xylene Degradation…………………………………….…13 
 
III. BIODEGRADATION OF BTEX COMPOUNDS IN PRODUCED WATER BY 
HALOPHILIC MIXED CULTURES..........................................................................14 
 Background…………………………………………………………………..14 
 Materials and Methods…………………………………………………….…14 
    Chemicals……………………………………………………………….….15 
    BTEX quantitation using Gas Chromatography (GC)……………………..15 
    Produced water composition for Grant and Payne county PW………….…16 
    Wastewater collection……………………………………………………...18 
    Sequencing and Bioinformatics…………………………………………....18 
    Enrichment culture maintenance ….…………………………………….…19 
    Biodegradation assays………………………………………………….…..19 
 Results and Discussion…………………………………………………….…20 
    Metagenomic analysis……………………………………………………...20 
    Hydrocarbon degradation by the KWT culture………………………….…23 
 Conclusions…………………………………………………………………..31 
 
IV. CHARACTERIZATION OF NOVEL HALOPHILE MODICISALIBACTER SP 
WILCOX……………………………………………………………………………..33 
 Background…………………………………………………………………..33 
 Material and Methods…………………………………………………….….33 
    Chemicals…………………………………………………………………..33 
   Isolation of a Modicisalibacter sp. WILCOX from PW…………………...34 
   16S rRNA gene analysis of the isolate……………………………….….…35 
   Genome of strain Wilcox………………………………………….…….…35 
   General features of strain Wilcox genome…………………………….…...36
v 
 
   Mother Inoculum…………………………………………………...………36 
Microcosm set up to study hydrocarbon degradation……………………….….……37 
   Long-Chain alkane degradation………………………………….…….…..37 
   Short-Chain alkanes (methane and hexane)…………………….……….…37 
   BTEX degradation……………………………………………….………...38 
   Naphthalene and Phenanthrene degradation…………………….…………38 
   Benzoate degradation…………………………………………….………...39 
   Salinity and BTEX degradation……………………………….…………...40 
   BTEX degradation in produced water…………….…………………….….40 
Results and Discussion…………………………………………………….…40 
   Gene annotation and hypothetical hydrocarbon-degradation 
   Capability…………………………………………………………………..40 
   Gene annotation of hypothetical heavy metal resistance…………………..44 
   Functional hydrocarbon degradation……………………………………….46 
   BTEX degradation in the presence of different  
   NaCl concentrations ………………………………………………………..48
    Benzoate degradation in the presence of benzene………………………….50 
   Degradation of BTEX by Modicisalibacter sp Wilcox in PW…………….51 
Conclusions…………………………………………………………………..53 
 




Materials and Methods……………………………………………………….55 
   Anaerobic microcosm preparation…………………………………………55 
   BTEX quantitation using Gas Chromatography(GC)……………………...56 
   Anaerobic degradation of ethyl benzene in BTEX-mixture by 
   Modicisalibacter sp Wilcox………………………………………………..56 
   Anaerobic removal of ethyl benzene by Modicisalibacter sp Wilcox in the  
   absence of other BTX-constituents………………………………………...57 
Conclusions…………………………………………………………………..59 
 







LIST OF TABLES 
 
 
Table                    Page 
 
1. Payne County PW Quantitation……………………………………………..17 
 
2. Grant County PW Quantitation……………………………………………..17 
 
3. KWT Culture Community Architecture…………………………………….21 
 
4. Modicisalibacter sp. WILCOX Hydrocarbon Degrading Genes…………...43 
 
5. Modicisalibacter sp. WILCOX Metal-Ion Resistance Genes………………45 
 






LIST OF FIGURES 
 
Figure                    Page 
 
1. Depiction of Fracking and Traditional Oil-Wells……………………..………5 
 
2. Summary of Fracking and Produced Water Derivation…………………….…6 
 
3. Chemical Structure of Catechol……………….……………………………..11 
 
4. Chemical Structure of Protocatechuate………………………………………11 
 
5. Hydrocarbon degrading genes present in Ahrodomonas……………………..21 
 
6. KWT BTEX removal in Payne County PW…………………………………23 
 
7. KWT BTEX removal in Payne County PW/WW……………………………24 
 
8. KWT BTEX removal in Grant County PW………………………………….26 
 
9. KWT BTEX removal in Grant County PW/WW……………………………27 
 
10. Rozel BTEX removal in Payne County PW…………………………………27 
 
11. Rozel BTEX removal in Payne County PW/WW…………….……………...28 
 
12. Rozel BTEX removal in Grant County PW……………….…………………28 
 
13. Rozel BTEX removal in Grant County PW/WW……………………………29 
 
14. KWT BTEX removal in Grant County PW/unautoclaved WW……………..30 
 
15. Modicisalibacter sp. WILCOX BTEX removal in 1-4M NaCl……………...49 
 
16. Modicisalibacter sp. WILCOX Benzene removal in the  
Presence of Benzoate……………………………….………………………..51 
 
17. Modicisalibacter sp. WILCOX Benzoate removal in the 
Presence of Benzene………………………………………………………….51 
 
18. Modicisalibacter sp. WILCOX BTEX removal in Payne County PW………52 
 
19. Modicisalibacter sp. WILCOX anaerobic removal of Ethyl Benzene  




LIST OF FIGURES 
 
Figure                    Page 
 


















Produced water is a wastewater source derived from the hydraulic fracturing 
of oil-containing rock sediments. In short, hydraulic fracturing sites obtain water from 
local lakes, rivers and streams, and inject it into the subsurface under high pressure to 
perturb and displace the oil. The oil-water mixture is then pumped back to the surface 
for separation and crude oil-processing. At this stage, the water that is retrieved back 
to the surface is known as produced water. Historically, it has been extremely cost 
ineffective to completely remediate produced water before returning it back to local 
lakes and rivers. This is due, in part, to high salt concentrations and a myriad of other 
potent environmental pollutants that not only inhibit microbial life but are a concern 
to human health. In addition to the expected hydrocarbons, many of these polluted 
saline waters contain a collection of dissolved heavy metals (Pb, Mg, Mn, Co, and Cu 
for example) and small concentrations of naturally occurring radioactive materials 
(NORM’s). All aforementioned pollutants can be removed through a variety of 
industrial and chemical means, which, as it stands, is extremely costly to the oil 
production industry. To avoid costly remediation, many oil production sites simply 





This results in millions of gallons of previously surface water to be lost into 
the subsurface of the Earth. Produced water (PW) is the oil industries largest waste 
concern. On average, for every 1 barrel of oil, 3 barrels of PW are created. Reducing 
the remediation cost will not only lower the financial burden on the oil industry but 
may also result in clean water for irrigation or other industrial applications.  
Halophilic microorganisms (salt-loving organisms) capable of degrading 
hydrocarbon pollution might stand as an excellent candidate to lower the cost of 
remediating this water. Several examples of halophilic organisms capable of 
degrading a litany of hydrocarbons derived from oil pollution (e.g. long chain n-
alkanes, monoaromatic and polyaromatic ringed hydrocarbons, and branched 
hydrocarbons) have been documented in the literature. Halophilic microorganisms 
have evolved genetic and physical characteristics to survive in environments with 
copious amount of salt. These adaptations include the uptake and synthesis of 
compatible solutes that prevent excess Na+ ions from entering the cell and disrupting 
the preferential osmotic pressure. In addition, most halophilic organisms have robust 
mechanisms to evade heavy metal intracellular accumulation usually in the form of 
ion pumps specific for heavy metals like Mg, Co, Cu and others specific for singular 
heavy metals like Pb or As. They also have enzymes designed to reduce said metal 










II.1 – Produced Water & Water Usage Overview 
Produced water, water derived from oil and petroleum recovery operations; 
serves as one of the industry’s largest waste components. Produced water is a very 
significant industry concern, it is estimated that for every barrel of oil recovered there 
are 3 barrels of produced water (Fakhru’l 209). Produced water contains an 
assortment of hazardous and toxic components. This water waste is highly saline, 
roughly 6-20% (Fidelis 2018). Toxic hydrocarbons exist in a variety of concentrations 
in the water. These hydrocarbons include simple aromatics like benzene, toluene, 
ethyl benzene, and xylene (BTEX). Polycyclic aromatic compounds like naphthalene 
and anthracene are also present in varying concentrations. Along with these 
compounds a variety of heavy metals can be found (aluminum, cadmium, chromium, 
cobalt, copper, iron, lead, manganese, nickel and zinc). There are also trace amounts 
of natural occurring radioactive materials (NORM’s) present in produced water 
(Azetsu-Scott 2006).  
 
There should be a distinction between fracking/flowback water and produced 
water. Fracking sites utilize high pressure surface waters to break apart rock 
formations. The water/oil mixture is pumped back to the surface, where the water is
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separated from the oil fraction. The water first brought back to the surface (2-6 
months when the oil-well was brought online) is known as flowback water. This is 
typically reused for further fracking operations. However, water being retrieved past 
the flowback window is described as produced water and is far more toxic (Dwyer, 
2016). 
 
The remediation and recycling of flowback or produced water can be 
facilitated in a variety of different ways depending on the shale formation, the state, 
and oil remediation plant. Produced water is typically handled in one or more of the 
following strategies.  
1. Flowback water can be quickly reused in further oil recovery operations 
2. Contaminated water can be processed through extensive biochemical 
engineering procedures to remove the aforementioned contaminants 
3. Heavily contaminated produced water can be pumped into the deep 
subsurface.   
An overview of modern (fracking-type) and conventional oil-drilling strategies are  
depicted in Figure 1.  
Hydraulic fracturing in the United States used a cumulative 44 billion gallons 
of water in the period spanning from 2011-2012 (U.S EPA, 2015). This water is 
initially taken from local ground and surface waters and occasionally reused from 
previous fracking operations. It is important to note that reused water (flowback 
water), on average, only constitutes 5% of the total water used for fracking. Ground 
and surface water, on average, constitutes 95% of the water volume used for fracking 
operations (~ 41.8 billion gallons annually)(U.S EPA, 2015). A summary of modern 










Figure 1.  The different oil-drilling strategies most commonly used. The left two examples indicate a fracking-type oil and 













Figure 2.  Modern fracking operations. Fracking operation starts with surface or ground water acquisition. Chemical 
mixing to reduce the surface tension of the water to assist in oil-displacement, well injection, flowback and produced 
water separation and partitioning, and finally disposal or treatment. (U.S EPA 2015)  
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The United States oil-production sites account for slightly less than 1% of the 
countries’ total water usage. At some local levels, water usage per oil-production site 
is reported to be as high as 10% in some counties. In this small group of counties 
(2.2% of all counties containing at least 1 oil-fracking site) 10% of the counties’ water 
was used for fracking. The majority (50% of all counties containing at least 1 oil-
fracking site) account for ~1% of the counties’ water usage (US.EPA, 2015). 
 Water consumption via hydraulic fracturing does not directly result in 
negative impacts to drinking water resources. There have been no documented 
instances where fracking alone has caused a surface or ground water supply to 
become completely depleted. However, the lack of documentation could possibly be 
the reason why no negative impacts are observed (U.S EPA, 2015). The most updated 
models have estimated a depletion volume of 25 km3 per year from 2000-2008. This 
is a staggering 2.5 times more water usage compared to the previous 108 years (9.2 
km3 per year) (Konikow, 2013). 
II.2 – Halophiles’ Environmental Adaptations  
Halophilic organisms thrive in high salt environments. They have accumulated 
specific adaptations to survive in such extreme environments. These organisms can 
regulate their internal osmotic pressure to prevent loss of water and desiccation. 
Halophilic microorganisms have single site and domain specific protein mutations to 
resist high NaCl concentrations.   
II.2.1 - Osmoprotection 
Disrupting osmotic pressure, especially in saline environments, leads to drastic 
cell deformation due to water leeching to the external environment. Water is not only 
quintessential for anabolic biochemical (condensation) reactions in the cell but helps 
the cell maintain its shape. These specific cell shapes have been classically related to 
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the diffusion equilibriums cells use to control uptake and excretion of nutrients and 
waste respectively. Cell deformity often collapses the cell and leads to cell lysis 
(Koslov 1984, Logisz 2005).  
Organisms use two distinct mechanisms to withstand high salt concentrations 
1. Production or uptake of compatible solutes whilst removing Na+ and Cl- ions 
(classically known as the “salt-out” strategy). 2. Maintaining a high intracellular level 
of K+ to balance the high extracellular Na+ concentrations (the salting-in strategy) 
(Shivanand, 2011). 
The salt-out strategy mainly comprises of the uptake or synthesis of 
compatible solutes (e.g. proline, glycine betaine, glutamate, and/or ectoine) whilst 
removing specific Na+ and K+ ions (Oren 2008)(Kempf 2008). Halophiles typically 
prefer to uptake these small organic compounds rather than synthesize them due to 
their metabolic cost to the organism (Galanski 1994)(Vyrides, 2017). These organic 
solutes all have strong positive charges thereby preventing excess Na+ ions from 
accumulating inside the cells.   
The salt-in strategy utilizes a build-up of K+ ions intracellularly to robustly 
counteract the invasion of exogenous Na+ ions.  Building up intracellular salt is more 
energetically favorable than synthesizing organic solutes and is typically the first 
response to immediate salt stress in low-moderate salt concentrations (1-5%) (Welsh 
2000). 
II.2.2 – Heavy metal tolerance 
Halophilic microorganisms, among others, have an assortment of heavy metal 
ion tolerance mechanisms. These include heavy metal ABC transporters (Silver 
1994). These proteins act as efflux pumps to remove Ag+, AsO2
-, AsO4
3-, Cd2+, Co2+, 
CrO4
2-, Cu2+ Hg2+, Ni2+, Pb2+, Sb3+, TeO32-, Ti+ and Zn2+ and others (Silver et al.) 
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Microorganisms can also change the oxidation state of some metal ions to precipitate 
them out of solution (Ayangbenro 2017), thus reducing the heavy metal toxicity for 
the whole environment. Finally, while not explored in halophilic bacteria, many 
bacterial genera, e.g. Pseuodomonas and Enterobacter, have been shown to have 
modest biosorption capabilities (Ayangbenro 2017). 
II.2.3 – Unique protein adaptations 
Halophilic organisms have acidic proteins (proteins with abundance of 
dispersed aspartic acid (Asp, D) and glutamic acid (Glu, E) residues) that are more 
adapted to highly saline aqueous environments. Aspartic acid and glutamic acids have 
carboxylic side chains imparting negative charge upon deprotonation. Negative 
charges protect larger proteins from salting-out even in the presence of high salt 
concentrations (Fukuchi 2003).  
II.3 – Aerobic degradation of BTEX 
Benzene, toluene, ethyl benzene and xylene are predominant oil-derived 
aromatic hydrocarbon pollutants. These compounds are predominantly broken down 
aerobically via stepwise activation of their aromatic rings. This is accomplished via 
mono- or dioxygenases that introduce one or two hydroxyl groups (-OH), 
respectively. The aromatic ring activation results in two main intermediates, catechol 
and protocatechuate, the chemical structure is denoted below in Fig. 3 & 4 (Pérez 
2013) 
Catechol is the most common intermediate of aerobic BTEX degradation. 
Catechol-like intermediates with methyl and ethyl groups are also representative of 
this degradation pathway (Çınar 2004). Once catechol is formed, the ring is cleaved 
into a linear molecule in 2 distinct fashions, ortho- or meta- cleavage. Ortho-cleavage 
of catechol is done by the enzyme 1,2-dioxygenase and generates cis,cis-muconic 
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acid. Cis,cis-muconic acid can undergo further beta-oxidation with acetyl-CoA and 
succinyl-CoA for energy conversion in the citric acid cycle (Viswanathan 1998). 
Meta-cleavage follows a similar but characteristically different pathway resulting in 
different intermediates. Meta-cleavage is performed using the enzyme 2,3-
dioxygenase and produces 2-hydroxymuconic semialdehyde. This molecule is 
eventually broken down to pyruvate and acetaldehyde. Pyruvate can then enter the 
























Figure 3 depicts Catechol, a central intermediate in upstream 
aromatic ring activation. The hydroxyl groups here are in the 
ortho- position. 
Figure 4 depicts protocatechuate, a central 
intermediate in upstream aromatic ring activation. 
 
II-4 – Anaerobic degradation of BTEX 
Anaerobic degradation of BTEX proceeds at a slower rate than aerobic degradation. 
Many microorganisms have been described to anaerobically degrade one or more of 
the compounds in BTEX. In many cases, the upstream pathways all converge on 
benzoate and its CoA derivative as central intermediates (Chakraborty 2004). 
Benzoyl-CoA ring cleavage proceed via benzoyl-CoA reductase coupled to ATP 
hydrolysis.  
II-4.1 – Anaerobic benzene degradation 
Anaerobic benzene degradation has only been described in mixed culture anaerobic 
sediments and enriched cultures in Fe (III)-reducing, nitrate-reducing, sulfate-
reducing, and lastly methanogenic conditions (Lovely 1997),( Grbi’c-Gali’c 1987), 
(Vogel 1986),( Anderson 1998). Relatively recently, isolates from a newly described 
Dechloromonas genus in the beta subclass of the Proteobacteria were found that 
completely oxidize benzene with nitrate as its final electron acceptor (Coates 2001). 
The current upstream benzene activation pathway is unknown but there are some 
theoretical intermediates. Benzene could be acted upon by a carboxylase, methyl 
transferase, or a hydroxylase to create the intermediates benzoate, toluene, or phenol 
respectively (Chakraborty 2004). 
 II4.2 – Anaerobic toluene degradation 
Anaerobic toluene degradation is probably the most understood component of 
BTEX degradation. Toluene can be degraded in the presence of Fe(III), nitrate, 
sulfate, Mn(IV), or CO2(Coates 1996b, Dofling 1990, Edwards 1992, Evans 1991, 
Fries 1994) as electron acceptors. The first characterized step in toluene activation 
happens through a glycyl radical enzyme, benzylsuccinate synthase (BSS), which 
attaches a fumarate on the end of the methyl group on toluene. This forms 
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benzylsuccinate and is believed to be the genetic inducer of downstream ring cleavage 
(Leuthner 1998).  
II 4.3 – Anaerobic ethyl benzene degradation 
Anaerobic degradation of ethyl benzene in the presence of nitrate or sulfate 
has been relatively uncharacterized with only 4 total isolates described; strains EbN1, 
PbN1, a newly described Dechloromonas strain RCB, and EbS7 (Rabus 1995) 
(Kniemeyer 2003) (Chakraborty 2005). Generally, the complete oxidation of ethyl 
benzene to CO2 is achieved with the reduction of nitrate completely to N2. Ethyl 
benzene is initially activated by the dehydrogenation of the methylene group to form 
1-phenylethanol. This is further oxidized to aromatic ketone acetophenone (Ball 
1996). In contrast, strain RCB, under sulfate reducing conditions, attaches a fumarate 
to the terminal methyl group of the ethylene extension of the aromatic ring. This 
fumarate addition forms 1-phenylethyl-succinate. The main difference concerning 
nitrate and sulfate lies within sulfate’s higher redox potential yielding more ATP 
overall (Kniemeyer 2003). 
II 4.4 – Anaerobic xylene degradation 
Anaerobic degradation of all the xylene isomers (meta-xylene, para-xylene, 
and ortho-xylene) has been mostly studied under nitrate and sulfate reducing 
conditions. The initial aromatic ring activation of m-xylene and o-xylene follows 
similar themes to anaerobic toluene degradation. Upstream activation of xylene 
involves an addition of a fumarate group to one of the methyl groups to form 3-






BIODEGRADATION OF BTEX COMPOUNDS IN PRODUCED WATER 




 The processing and disposal of large volumes of high salinity produced water 
(PW) pose a significant environmental and economic burden for the industry and 
communities. Clearly, there is a critical need to develop cost-effective approaches for 
the treatment and management of PW.  Hydrocarbon-degrading halophiles can play 
important role in the remediation of PW. We have enriched a hydrocarbon-degrading 
mixed culture from crude oil contaminated saline soils from Kuwait (KWT 
enrichment). This culture is capable of degrading benzene, toluene, ethylbenzene, and 
xylenes (BTEX) as the sole sources of carbon at high salinity (optimum 2.5 M NaCl). 
Amplicon sequencing of the culture showed an abundance of Arhodomonas sp. 
(~99.3%), previous shown to degrade aromatic hydrocarbons optimally at 2.5 M salt. 
Metagenome analysis of the KWT enrichment showed the presence of several 
oxygenases, hydroxylases, and other genes involved in hydrocarbon degradation 
pathways. In this study, we have explored this culture’s ability to directly remediate 
toxic PW from different locations.  
 
MATERIALS AND METHODS: 
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Chemicals: Benzene, toluene, ethyl benzene, xylenes were purchased from Sigma-
Aldrich Co. All the chemicals were of analytical grade and were used without further 
purification. 
 
BTEX quantitation using Gas Chromatography (GC) - Biodegradation of BTEX 
compounds were assayed by using a Hewlett Packard 6890 GC equipped with a flame 
ionization detector and a DB-1 capillary column (30 m by 0.320 mm by 1 m; J&W 
Scientific, Inc.). Nitrogen served as both carrier and makeup gas at flow rates of 10 
and 40 ml/min, respectively. The flow rates of hydrogen and air were set at 40 and 
450 ml/min, respectively. The operating GC conditions were the following: oven 
temperature, 70°C for 7 min; inlet temperature, 150°C; and detector temperature, 
220°C. Approximately, 100 µl of headspace gas from microcosms was injected into 
the GC for quantification. The GC response for each compound tested was calibrated 
to give the total mass in that bottle. Standards were prepared in 160-ml bottles filled 
with 50 ml of NaCl solution (0 to 4 M) and sealed with Teflon-faced septa and 
aluminum caps. The quantification of BTEX in enrichment bottles was accomplished 
as described above by using a calibration curve prepared with 1-liter bottles 
containing 500 ml of 2.5 M NaCl solution. The GC detection limit for benzene using 
our method was <1.0 umol/bottle. 
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Produced water composition for Grant and Payne county derived PW – Measurement 
of TDS and ion concentrations in the PW samples was carried out in Oklahoma State 
Univseristy’s Soil and Water testing lab. Table 1 describes the composition for water 
derived from Grant county, OK. Table 2 describes the composition for water derived 








Table 1 shows the analytical results for water derived from Grant 
county, OK.   
Table 2 shows the analytic results for water derived from Payne 
county, OK.  
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Wastewater collection - Wastewater was collected from the Stillwater wastewater 
treatment plant prior to any primary treatment. Water was vacuumed filtered to 
remove large sediments. 
 
Sequencing and Bioinformatics – Total genomic DNA of the KWT enrichment was 
extracted using the Ultra Clean soil DNA kit (MO BIO Laboratories, Inc., CA). 
Extracted DNA was used for both amplicon as well as Shotgun metagenomic 
sequencing. Shotgun sequencing using MiSeq platform of the KWT enrichment 
yielded 6.7 and 4.7 Gbases of raw and trimmed sequence data, respectively. Reads 
were assembled using SPAdes v 3.12 to a minimum contig size of 500bp. The 16S 
rRNA-gene amplicon library of the KWT enrichment was processed using qiime2 
pipeline with a pre-trained Silva v132 classifier to determine the community 
architecture of the enrichment.  
 The 5,010,546 raw 150bp read pairs were randomly subsampled using Seqtk 1 
to 1.7 million read pairs to achieve an approximate genome coverage of 100X. Reads 
were then trimmed using Trimmomatic v0.39 2 with a 4:30 sliding window and 
minimum length of 36bp, yielding 1,315,515 read pairs and 155,408 and 64,471 
forward and reverse unpaired reads, respectively. All trimmed reads were assembled 
using SPAdes v3.13 3 –careful with a minimum approximate coverage of 10X and 
minimum contig size of 500bp. The resulting assembly consisted of 1,169 scaffolds 
with an N50 15,766, L50 of 64, and total assembly length of 4,552,116 bp. A single 
16S rRNA gene was detected using barrnap v0.9 4 (1 from each) and taxonomy was 
investigated by submission to Silva database v1325. Assemblies were submitted to 
the Integrated Microbial Genomes (IMG) database6 for gene-calling, functional 
annotation, and to provide public access under genome ID number 2844779970. Un-
18 
 
annotated scaffolds were also deposited to GenBank under accession number 
WNXE00000000.1. 
  
 Enrichment culture maintenance - The KWT enrichment culture was enriched from a 
crude oil contaminated site in Kuwait. KWT culture was kept in 500 ml of mineral 
salt media (MSM) (Nicholson et al.) with 2.5M NaCl. Every 7-10 days, 5 µl of an 
equally mixed benzene, toluene, ethyl benzene, and xylene (BTEX) was spiked into 
the culture as the sole carbon source. Culture was maintained at these standards for 
the past 5 years. Approximately once a month, culture volume was halved and 
replaced with fresh MSM media to the same initial volume.  
The Rozel enrichment was developed from an oil-brine soil obtained from an 
oil production facility in Seminole County, Oklahoma. The Rozel culture was held in 
similar constraints as the KWT culture. Rozel was kept in 600 ml of MSM with 2.5M 
NaCl. 8 µl of BTEX was spiked every 7-10 days as the sole carbon source. 
Subculturing in fresh media was performed monthly.  
 
Biodegradation assays - Unless otherwise mentioned, all experiments involving the 
KWT or Rozel enrichment culture were performed in 160-ml-capacity serum bottles 
filled with a total volume of 50 ml. Produced water was filled to this volume unless 
diluted with waste water to achieve 50ml of total volume. Bottles were inoculated 
with 2 ml of KWT or Rozel (~1.6 x 106 cells) enrichment culture and were spiked 
with 2 µl (17 to 22 mol) of undiluted benzene, toluene, ethyl benzene, or xylenes. The 
bottles were then sealed with Teflon-coated septa and aluminum caps and were 
incubated under static conditions in the dark at 30°C. The headspace gas was 
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withdrawn periodically, and degradation of BTEX was monitored by gas 
chromatography (GC). 
 
RESULTS AND DISCUSSION: 
 
Metagenomic Analysis: 16S rRNA-amplicon sequencing of the KWT culture showed 
a community enriched in Ahrodomonas species (99.3% of the total abundance) (Table 
3). Results of shotgun sequencing of the community are shown in Figure SL.5.  
 16S rRNA-amplicon sequencing  of the KWT culture  showed a community 
enriched in Ahrodomonas species (99.3% of the total abundance) (Table 3).  Further 
metagenomic KEGG functionality shows the presence of key monocyclic aromatic 
hydrocarbon degradation genes, e.g. catechol-2,3-dioxygenase for catechol ring meta 
cleavage (Shu 1995), phenol hydroxylase subunits responsible for oxidizing the 
adjacent carbon from the primary hydroxyl group on phenol (Cafaro 2004), a crucial 





Table 3: depicts the 16sRNA amplicon population results from metagenomic sequencing.  Ahrodomonas sp. 
is the most prevelant bacterial species being 99.3% of the amplicon.  
Figure 5 depicts a relative gene copy number heat map of the Ahrodomonas species found in the KWT 
culture (A.BTEX) compared with other closely associated species. A. aquaeoli is a marine species 
capable of degrading monocyclic hydrocarbons. A.2007 is an isolate from oil-contaminated soil. Some 
important genes responsible for aromatic ring oxidation are present in a list on the left. Relative gene 
copy number are illustrated for other species accordingly.  
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We compared gene copy of essential hydrocarbon degradation genes identified 
in Ahrodomonas species genome to other related species (Figure 5). The 
Ahrodomonas species in the KWT culture showed a higher relative gene copy number 
for genes encoding enzymes implicated in primary aromatic hydrocarbon activation.  
 
Hydrocarbon degradation by the KWT culture: The KWT culture was able to degrade 
a mixture of benzene, toluene, ethyl benzene, and xylene (BTEX) natively in raw 
produced water from Payne county, OK in 9 days (Figure 6). Benzene, toluene, ethyl 
benzene, and xylene were, on average, degraded at a combined rate of 5.922 
µmol/day. In an attempt to accelerate BTEX degradation, the produced water was 
50:50 diluted with wastewater. Complete degradation of BTEX was accelerated to 7 









































Figure 6 shows the BTEX degradation by the KWT mixed culture in 100% undiluted produced water 
from Payne county.  The Control Benzene represents an un-inoculated microcosm replicate. All lines 
represent specific monocyclic hydrocarbon amounts. Benzene Control line () are averages from 2 
microcosm replicates. Active lines () are averages from 3 biological replicates. The benezene, 
toluene, ethyl benzene, and xylene removal rates are 7.43, 6.3225, 5.006, 4.933 umol/day, respectively. 


















































Figure 7 shows the BTEX degradation by the KWT mixed culture in a 50:50 dilution with autoclaved 
waste water and produced water from Payne county.  The control represents an un-inoculated 
microcosm replicate. All lines represent specific monocyclic hydrocarbon amounts. Control Ethyl 
Benzene line () are averages from 2 microcosm replicates. The benezene, toluene, ethyl benzene, 
and xylene removal rates are 5.423, 4.734, 4.034, 4.617 umol/day, respectively.  Active lines 
() are averages from 3 biological replicates. Error bars represent standard deviation. 
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The KWT culture was also inoculated into produced water from Grant county. 
We observed no BTEX degradation over the course of 28 days (Figure 8). Using the 
same dilution strategy of diluting PW 50:50 with wastewater, degradation was 
successfully recovered and complete degradation was seen in 5 days (Figure 9). The 
average combined hydrocarbon degradation rate can be noted as 9.128 µmol/day. 
Similar results were seen in the Rozel culture as well. The Rozel culture was able to 
completely degrade BTEX natively in 100% Payne county PW in 21 days (Figure 
10). The average degradation rate was lower compared to the KWT culture in the 
same PW. The average hydrocarbon removal rate can be noted as 1.863 µmol/day. 
However, diluting with wastewater as mentioned before, accelerated BTEX 
degradation to 10 days (Figure 11). Diluting with wastewater, in this case, accelerated 
the BTEX degradation rate to 4.404 µmol/day. Similar to the KWT enrichment, 
BTEX degradation by the Rozel culture was never observed in undiluted Grant 
County produced water over 29 days (Figure 12).  Again, using the same 50:50 
produced water and waste water dilution, benzene and toluene were eliminated in 5 
days while ethyl benzene and xylenes were completely degraded by 7 days (Figure 
13). This likewise increased the rate of degradation to 5.747 µmol/day. A table 

















































Figure 8. shows the BTEX degradation by the KWT mixed culture in 100% undiluted produced water from 
Grant county.  The Control Benzene represents an un-inoculated microcosm replicate. All lines represent 
specific monocyclic hydrocarbon amounts. Control Benzene line () are averages from 2 microcosm 














































Figure 10. shows the BTEX degradation by the Rozel culture in 100% undiluted produced water from 
Payne county.  The Control Benzene represents an un-inoculated microcosm replicate. All lines represent 
specific monocyclic hydrocarbon amounts per microcosm. Control Benzene line () are averages from 2 
microcosm replicates. Active lines () are averages from 3 biological replicates. The benzene, 
toluene, ethyl benzene, and xylene removal rates are 2.676, 2.03, 1.369, 1.378 umol/day, respectively.  







































Figure 9 shows the BTEX degradation by the KWT mixed culture in a 50:50 dilution with autoclaved waste 
water and produced water from Grant county.  The control  represents an un-inoculated microcosm 
replicate. All lines represent specific monocyclic hydrocarbon amounts. Control Benzene line () are 
averages from 2 microcosm replicates. The benzene, toluene, ethyl benzene, and xylene removal rates are 
12.46, 9.97, 7.11, 6.933 umol/day, respectively. Active lines () are averages from 3 biological 





Figure 11. shows the BTEX degradation by the Rozel culture in 50:50 diluted produced water from Payne county 
with waste water.  The Control Benzene represents an un-inoculated microcosm replicate. All lines represent 
specific monocyclic hydrocarbon amounts. Control Benzene line () are averages from 2 microcosm replicates. 
Active lines () are averages from 3 biological replicates. The benezene, toluene, ethyl benzene, and xylene 




































Figure 12. shows the BTEX degradation by the Rozel culture in 100% undiluted produced water from Grant 
county.  The Control Benzene represents an un-inoculated microcosm replicate. All lines represent specific 
monocyclic hydrocarbon amounts. Control Benzene line () are averages from 2 microcosm replicates. 















































































Figure 13. shows the BTEX degradation by the Rozel culture in 50:50 produced water from Grant 
county diluted with waste water.  The Control Benzene represents an un-inoculated microcosm 
replicate. All lines represent specific monocyclic hydrocarbon amounts. Control Benzene line () are 
averages from 2 microcosm replicates. Active lines () are averages from 3 biological replicates. 
The benezene, toluene, ethyl benzene, and xylene removal rates are 7.638, 6.598, 4.234, 4.509 
















Figure 14 shows the BTEX degradation by the KWT culture in 50:50 produced water from Grant county 
and un-autoclaved waste water. The Control Benzene represents an un-inoculated microcosm 
replicate. All lines represent specific monocyclic hydrocarbon amounts per microcosm. Control 
Benzene line () are averages from 2 microcosm replicates. Active lines () are averages from 3 












































High salinity and heavy metal contamination of produced water from oil fields 
render bioremediation industrially difficult and costly. A large majority of this 
produced water from oil-production sites are typically disposed of via deep well 
injection (U.S. EPA 2016). Applying a halophilic culture or bacterial species with 
robust abilities to degrade hydrocarbons can help remove these toxic compounds, and 
render the process more cost effective.  
Monocyclic hydrocarbon degradation capability of Ahrodomonas species in 
KWT and Rozel cultures was both genetically and functionally confirmed in toxic 
produced water. Key genes encoding enzymes responsible for cyclic ring activation 
and break down were detected in the Ahrodomonas species genomes. Both cultures 
were able to completely degrade BTEX mixtures in produced water from Payne 
county. Diluting the produced water with waste water both accelerated, and enabled 
BTEX degradation in the produced waters from Payne county, and Grant county, 
respectively.  
 Bacterial degradation of hydrocarbons in toxic produced water with relatively 
high levels of salinity could be directly applied to remediation efforts of the produced 
water itself, as well hydrocarbon-contaminated sites with high salinity.  The produced 
waters were diluted with municipal waste water primarily to dilute with a readily 
available waste water stream. Similar results were observed in a microcosm with 
50:50 produced water from Grant county and tap water (Sl.1). Waste water, not only 
dilutes down the salinity and other heavy metal concentrations, but might also provide 
essential vitamins and nutrients to the growing culture. All the previous experiments 
used autoclaved produced water from either source, Grant or Payne county. Using 
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autoclaved waste water would kill any potential nutrient competitors as well as 
destroy any possible bacteriophages that would otherwise decrease the hydrocarbon 
degrading capability of the KWT and Rozel cultures. However, a replication 
experiment using a 50:50 mixture of produced water from Grant county and 
unautoclaved waste water yielded an even faster degradation rate. In this experiment, 
the BTEX was completely degraded and removed in 3 days (Figure 14). This might 
be due to the presence of other natural BTEX degrading bacteria and archaea in waste 
water and other nontradional oil derived-water sources (Ojo 2006, Shokrollahzadeh 
2008, Chavan 2008). 
 More work is needed on more diverse produced waters from other industrial 
produced water sites to further assess the holistic application of halophilic enrichment 















BACKGROUND: PW has recently been an emerging environment for microbial 
studies and bioremediation applications. Isolation of individual microbial community 
members from PW could facilitate understanding the metabolic capabilities and PW 
resistance mechanisms in a single bacterial species. We have isolated a hydrocarbon-
degrading organism from PW with a 99.3% 16S-RNA similarity to Modicisalibacter 
sp Wilcox. Modicisalibacter sp Wilcox is a halophilic rod-shaped Gram-negative 
bacterial species originally isolated from an oilfield water injection sample, a similar 
environment to PW. Modicisalibacter sp Wilcox, as reported in Gam et al. grows 
most optimally in 8-10% NaCl. It is capable of reducing nitrate, utilizing fructose and 
glucose. Little is known about Modicisalibacter sp Wilcox hydrocarbon degradation 
capability, or heavy metal ion resistance which might relate to the strain’s ability to 
survive in PW, and it’s PW bioremediation potential.   
 
MATERIALS AND METHODS: 
 
Chemicals: Benzene, toluene, ethyl benzene, xylenes, hexadecane, phenanthrene, and 
naphthalene were all purchased from Sigma-Aldrich Co. Hexane was purchased from 
Pharmco-Aaper. Sodium Benzoate was purchased from Fischer Scientific. Methane 
was purchased from Sigma-Aldrich Co.  Dotriacontane (98%) was purchased from 
Alfa Aesar. All the chemicals were of analytical grade and were used without further 
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purification. PW used in this study was obtained from Wilcox oil production facility, 
Payne County, OK.  
  
Isolation of a Modicisalibacter sp. WILCOX from PW:  The enrichment was 
performed in 160-ml serum bottles (Wheaton) containing 50 ml of raw PW and sealed 
with 20-mm Teflon-lined septa and aluminum caps (The West Co). The bottles were 
injected with 2 uL of each benzene, toluene, ethylbenzene and xylenes (BTEX) and 
incubated in the dark in an inverted position.  Air in the headspace (100 ml 
headspace) served as the source of oxygen.  Biodegradation of added BTEX was 
monitored using a gas chromatograph (GC) as described before (Sei et al).  The 
bottles were repeatedly spiked with BTEX for 3 -4 months at which time a stable 
enrichment culture was obtained that degraded BTEX as the sole carbon source 
within 7 days.  
 
For the isolation of pure culture, a 10-fold serial dilution of enrichment was plated on 
to mineral salts medium (MSM) and agar plates supplemented with 1 M NaCl.  The 
plates were incubated in a desiccator containing a vial with BTEX (1-2 ml) until 
colonies appeared (1 week). Well isolated colonies were transferred to serum bottles 
containing 50 ml of MSM (Nicholson et al 2004) supplemented with 1 M NaCl and 
30-40 µmole of benzene, toluene, ethylbenzene, or xylenes (120-160 µmol of 
BTEX/bottle) as the sole source of carbon. Bottles were closed with Teflon-coated 
septa and aluminum caps. Head-space samples were withdrawn periodically and 
monitored for the added BTEX by GC using method described elsewhere. The culture 




16S rRNA gene analysis of the isolate: Total genomic DNA of the isolate was 
extracted using the Ultra Clean soil DNA kit (MO BIO Laboratories, Inc., CA). The 
isolate was identified by amplifying the 16S rRNA gene using the 27F and 1492R 
primers as described before [Spear et al. 2005]. Amplified PCR products was cleaned 
using ExoSAP-IT and sequenced at the DNA core facility, Oklahoma State 
University, Stillwater, OK. Amplified 16S rRNA gene sequences were analyzed using 
BLASTn against the nt database. The 16s RNA sequences of closely related members 
of the family Halomonadaceae and our isolate using the ClustalW algorithm. Using 
the generated alignment, A phylogenetic tree showing relationship between strain 
Wilcox and to other members in the family Halomonadaceae was constructed using 
the maximum likelihood method in MEGA 7 [Kumar et al 2016]. 
[NZ_WNXF00000000]. The strain, designated as Wilcox, was found to belong to 
the genus Modicisalibacter in the class Gamma-Proteobacteria and family 
Halomonadaceae on the basis of 16S rRNA gene sequence similarity.   
 
Genome of strain Wilcox: The genome of strain Wilcox was sequenced using the 
Illumina HiSeq platform using 250 x 2 paired-end reads by Novogen Corporation. In 
brief, a total amount of 1.0 µg DNA was used as input material. A sequencing library 
was generated using the TruSeq Nano DNA HT Sample Preparation kit (Illumina) 
following the manufacturer’s recommendations, and index codes were added to 
attribute sequences. The genomic DNA was randomly fragmented to a size of 150 bp, 
then DNA fragments were end-polished, A-tailed, and ligated with the full-length 
adapter for Illumina sequencing with further PCR amplification. Finally, PCR 
products were purified (AMPure XP system), and libraries were analyzed for size 
distribution by an Agilent2100 Bioanalyzer and quantified using real-time PCR. The 
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qualified libraries were sequenced by a HiSeq sequencer. The 5,747,630 raw 150-bp 
read pairs were randomly subsampled using Seqtk 1 to 1.7 million read pairs to 
achieve an approximate genome coverage of 100X. Reads were then trimmed using 
Trimmomatic v0.39 2 with a 4:30 sliding window and minimum length of 36bp, 
yielding 1,317,369 read pairs and 169,285 and 53,458 forward and reverse unpaired 
reads, respectively. All trimmed reads were assembled using SPAdes v3.13 3 –careful 
with a minimum approximate coverage of 10X and minimum contig size of 500 bp. 
The resulting assembly consisted of 43 scaffolds with an N50 of 180,819, L50 of 7, 
and total assembly length of 3,584,069 bp. A single 16S rRNA gene was detected 
using barrnap v0.9 4 (1 from each) and taxonomy was investigated by submission to 
Silva database v132. Assemblies were submitted to the Integrated Microbial Genomes 
(IMG) database6 for gene-calling, functional annotation, and to provide public access 
under genome ID number 2844586914. Un-annotated scaffolds were also deposited to 
GenBank under accession number WNXF00000000.1. 
 
General features of strain Wilcox genome: The genome size is ~3,584,069 bp in 
length, with a ~67% GC content. Modicisalibacter sp. Wilcox has 3283 genes with 
2850 being associated in COGs. There are 62 RNA genes with 53 genes belonging to 
tRNAs.  
  
Mother Inoculum:  The strain Wilcox was maintained in 1-liter bottles with 500 ml of 
MSM supplemented with 2.5 M NaCl and 30-40 µmole of benzene, toluene, 
ethylbenzene, or xylenes as the sole source of carbon. Bottles were closed with 
Teflon-coated septa and aluminum caps. Headspace was withdrawn periodically and 
monitored for consumption of added BTEX by GC (Nicholson et al 2004). Bottles 
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were repeatedly fed BTEX and consumption of the added BTEX monitored.  At the 
end of 4-6 weeks, 50% of the culture was replaced with fresh MSM supplemented 
with 2.5 M NaCl and BTEX as the sole carbon source.  This culture served as the 
source of inoculum for all the experiments presented in this article unless until stated 
otherwise. 
 
Microcosm set up to study hydrocarbon degradation:  
  
Long-Chain alkane degradation:  Flasks (250 ml capacity) containing 100 ml of MSM 
supplemented with 2.5M NaCl with no yeast-extract were prepared.  Long-chain n-
alkanes such as decane, hexadecane, eicosane or dotricontain was added (2-5 mM) as 
the sole source of carbon. Flasks were inoculated with 2 ml (1.2x106 CFU) of strain 
Wilcox. Un-inoculated autoclaved flasks containing n-alkane served as the control. 
Flasks were closed with a cotton plug and incubated at 35o C static in the dark.  
Liquid culture was withdrawn periodically and performed a 10x serial dilution and 
plated on MSM agar plates containing 1 M NaCl and 5 mM acetate as the sole carbon 
source. Plates were incubated at 35 oC for 3 – 5 days and colony forming unit was 
performed.  
 
Short-Chain alkanes (methane and hexane):  Degradation of methane was assessed in 
160 ml-capacity serum bottles were filled with 50 ml of MSM containing 2.5 M 
NaCl.  Bottles were inoculated with 1 ml of strain Wilcox (6 x 105 CFU). 
Uninoculated autoclaved bottles were set up similarly.  All bottles were amended with 
100 uM methane and air in the headspace served as the source of oxygen.  Methane 




Biodegradation of hexane was assessed in 160 ml-capacity serum bottles filled with 
50 ml MSM containing 2.5 M NaCl. Bottles were amended with 5 mM hexane as the 
sole carbon source and sealed with Teflon-coated septa and aluminum caps. Bottles 
were inoculated with 1 ml of strain Wilcox (6 x 105 CFU). Uninoculated autoclaved 
bottles were set up similarly. Bottles were incubated upside-down at 35oC static in the 
dark. Culture (1 ml) was withdrawn on day 0, 7, and 14 and plated on MSM agar 
plates containing 1 M NaCl and 5 mM acetate as the carbon source. Plate count 
(CFU) was performed after 3-5 days of incubation at 35o C.  
 
BTEX degradation: Unless otherwise mentioned, all experiments involving the BTEX 
were performed with 160-ml-capacity serum bottles filled with 50 ml MSM 
supplemented with 2.5 M NaCl. Bottles were amended with 2 µl of each BTEX 
compounds (17 – 22 µmol/bottle each) and inoculated with 2 ml (1.2x106 CFU) strain 
Wilcox. Uninoculated autoclaved control bottles were set up similarly. Bottles were 
then closed with Teflon-coated septa and aluminum caps and were incubated under 
static in the dark at 35°C. The headspace was withdrawn periodically, and 
degradation of BTEX was monitored using GC as mentioned before 
 
Naphthalene and Phenanthrene degradation: Degradation of the PAHs was assessed in 
160-ml-capacity serum bottles filled with 50 ml of MSM supplemented with 2.5M 
NaCl. Naphthalene (1 mM) or phenathrene (0.5 mM) was added as the sole source of 
carbon. Bottles were inoculated with 1ml (6 x 105 CFU) of strain Wilcox culture. 
Serum bottles were then sealed with Teflon-coated septa and aluminum caps.  Bottles 
were incubated statically upside-down at 35oC. Culture sampling was withdrawn from 
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each bottle and plated on to MSM agar with 1M NaCl and 5 mM acetate as the carbon 
source on day 0, 7, 14, 21, and 28.   
 
Benzoate degradation: Biodegradation of benzoate in the presence or absence of 
benzene was performed as follows. Flasks (250 ml capacity) containing 100 ml MSM 
supplemented with 2.5 M NaCl and 2 mM benzoate as the sole source of carbon were 
set-up. Flasks were inoculated with 1.2 x 106 CFU of strain Wilcox and incubated at 
35oC.  Autoclaved control flasks devoid of strain Wilcox were set up similarly.  
Culture samples were withdrawn periodically and MSM agar plates containing 1M 
NaCl and 5 mM acetate as the sole carbon source and CFU was determined after 3-4 
days of incubation.   
 
Degradation of benzoate was also assessed in the presence of benzene as the co-
contaminant. Microcosms containing MSM containing 20 µmol/bottle of benzene and 
2 mM benzoate as the carbon sources and inoculated with 6 x 106 CFU of strain 
Wilcox were set up. Headspace samples were monitored for the degradation of 
benzene using GC as described above. Also, culture sample (1 ml) was withdrawn on 
weekly basis and plated on to MSM agar containing 1 M NaCl and 5 mM acetate and 
CFU unit was determined after 3-4 days of incubation.      
 
Benzoate levels were monitored at 223nm on a Ultraspec 200 UV/Visible spectrum 
spectrophotometer. Benzene was monitored with a Hewlett Packard 6890 GC as 





Salinity and BTEX degradation: The effect of salinity on BTEX degradation was 
determined in microcosms using MSM supplemented with 0, 1.0, 2.0, 3.0, or 4.0 M 
NaCl. Serum bottles (160 ml) filled with 50 ml of MSM and various concentration of 
NaCl salt were set up and inoculated with 6 x 105 CFU of strain Wilcox. Headspace 
(100 uL) was withdrawn periodically and degradation of the hydrocarbons was 
measured using GC.  
 
BTEX degradation in produced water: PW samples were sent to Oklahoma State 
Univseristy’s Soil and Water testing lab to determine TDS and ion concentrations. 
Table 4 (supplementary) describes the composition of produced water derived from 
Payne county, OK. Serum bottles (160ml) were filled with 50 ml of PW, sealed with 
Teflon-coated septa and closed with aluminum caps. Bottles were inoculated with 6x 
105 CFU of strain Wilcox and spiked with 2ul of BTEX solution. Headspace (100ul) 





RESULTS AND DISCUSSION: 
 
Gene annotation and hypothetical hydrocarbon-degradation capability A genomic 
analysis of strain Wilcox provided the theoretical basis for the mechanism of 
hydrocarbon degradation by the bacterium. The Integrated Microbial Genome (IMG) 
server (http://img.jgi.doe.gov) was the primary source used for genome predictions 
and comparisons. We also BLASTp searched Prokka-annotated amino acid sequences 
for homologs using NCBI non-redundant protein database. Using both KEGG results 
in IMG and NCBI BlastP search against NCBI n.r, we predicted complete and partial 
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metabolic pathways for several aromatic compounds in Silico in strain Wilcox 
genome. The genome analysis yielded the presence of several genes needed for the 
degradation of both aromatic and aliphatic compounds.  Our analysis predicted 
complete or near complete set of genes needed for the metabolism of a variety of 
hydrocarbons including BTEX, phenol, and benzoate.  We detected several 
oxygenases and hydroxylases (dioxygenases) needed for the initial oxidation of 
aromatic compounds such as phenol hydroxylase, benzene 1,2-dioxygenasse, 
benzoate 1,2-dioxygenase, salicylate hydroxylase, and 2-halobenzoate 1,2-
dioxygenase (Gibson and Parales 2000; Reineke and Knackmuss 1978; Pérez-Pantoja 
2016; Yamamoto 1965). Also, genome analysis predicted the presence of biphenyl 
dioxygenase subunit alpha and beta subunits.  These genes code for enzymes needed 
for the initial oxygenation of mono and polyaromatic compounds. Oxygenases and 
hydroxylases participate in oxidation of reduced substrates such as hydrocarbons by 
transferring oxygen from molecular oxygen (O2) utilizing various co-enzymes such as 
FAD, NADH and NADPH as a cosubstrate.  Oxygenases are grouped into two 
categories; the monooxygenases and dioxygenases on the basis of number of oxygen 
atoms used for oxygenation.  Monooxygenases are classified into two subclasses 
based on the presence cofactor: flavin-dependent monooxygenases and P450 
monooxygenases. Flavin-dependent monooxygenases. contain flavin as prosthetic 
group and require NADP or NADPH as coenzyme. P450 monooxygenases are 
hemecontaining oxygenases and require NADPH as co-enzyme.   
 
The monooxygenases comprise a versatile superfamily of enzymes that catalyzes 
oxidation of various substrates, both alkanes and aromatic compounds (Durairaj 
2016). Dioxygenases are multicomponent enzyme systems that introduce molecular 
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oxygen into their substrate. Aromatic hydrocarbon dioxygenases, belong to a large 
family of Rieske nonheme iron oxygenases (Chandrakant 2011; Pérez-Pantoja 2016). 
Dioxygenases primarily oxidize aromatic compounds and, therefore, have 
applications in environmental remediation. 
 
Aromatic hydrocarbon dioxygenases belong to a large family of Rieske non-heme 
iron oxygenases. The dioxygenases have abroad substrate specificity and catalyze 
enantiospecific reactions with a wide range of substrates. Interestingly, we did not 
find naphthalene-related genes, specifically genes that code for the upper pathway 
enzymes involved in the conversion of naphthalene to salicylate (Peng 2008). In 
addition, the genome analysis predicted genes for aromatic ring cleavage by ortho 
cleavage pathway such as catechol 1, 2-dioxygenase and protocatechuate 3,4-
doixygenase (Macchi 2018; Seo 2009 ) to yield intermediates that are subject to 
oxygenolytic ring cleavage followed by channeling of ring-cleavage products into the 
central metabolism via beta-ketoadipate pathway (Harwood and Parales 1996; Pérez-
Pantoja, et al. 2016). Table 4 below depicts certain monoxygenases, and dioxygenases 








Table 4 depicts the important upstream and downstream hydrocarbon degradation gene collections with putative functions found in Modicisalibacter sp 
Wilcox.. This includes complete or semi-completes genetic pathways for catechol, benzoate, procochatuate, salicylate, phenol, phenylacetate, and 





Gene annotation of hypothetical heavy metal resistance: Modicisalibacter sp Wilcox 
genome encodes a collection of p-type ATPases and efflux pumps responsible for 
removing and displacing heavy metal ions both specifically and non-specifically. 
Examples include arsC, and arc3 known to reduce arsenate arsenide and pump it 
outside the cell, as well as 3 potential copper exporting ATPases and a copper 
oxidase. The genome also encodes general metal ion exporters for cadmium, zinc, 
























Table 5 depicts heavy metal ion pumps and toxicity regulatory genes responsible for evading metal ion toxicity. Modicisalibacter sp Wilcox 
has specific and general ion pumps for As, Cu, Cd, Co, Zn, Pb, Mn, and Mg. Most of these transporters are efflux pumps coupling ion 
transport with ATP hydrolysis, but one general transporter for Cd, Co, and Zn is coupling transport via the cross transport of K+ ions. 
Modicisalibacter sp Wilcox also has an interesting arsenate reductase to produce arsenite. E values are all within significance cut-off  




Functional hydrocarbon degradation: Numerous studies have shown that petroleum-
degrading microorganisms are widely distributed in diverse environments and have 
the potential to degrade petroleum compounds various degradation pathways under 
aerobic and anaerobic conditions. However, such information for high salinity 
environments is limited and only recently some studies have shown the capacity of 
halophiles and halotolerant to degrade petroleum compounds at high salinity (see 
Fathepure 2014; Le Borgne 2008; Martins and Peixoto 2012). Based on the genome 
sequence of strain Wilcox and its annotation, we bioinformatically predicted the 
degradation pathways of a few monoaromatic aromatic and aliphatic compounds. We 
have set up laboratory microcosms to experimentally validate the genome predicted 
degradation information for some important hydrocarbons. Table 6 shows the strains 
ability to degrade several monoaromatic hydrocarbons such as benzene, toluene, 
ethylbenzene, xylenes, benzoate as well as aliphatic compounds such as hexadecane 

























Table 6 depicts a concatenated list of functional hydrocarbons degradation. This was done via CFU growth 
quantitation or detection of the hydrocarbon being reduced overtime.. (+/-) indicate the positive or negative 
observation of hydrocarbon degradation. The presence or absence of genes primarily responsible for breaking 
down these compounds are also denoted here.  
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BTEX degradation in the presence of different NaCl concentrations: Graphs depicting 
BTEX removal in different NaCl concentrations can be found below in Figure 15 A-
D. Modicisalibacter sp Wilcox appears to have an optimal BTEX degradation in 1M 
NaCl but can still degrade BTEX completely in all other tested NaCl concentrations. 
A BTEX removal rate in 1M NaCl can be reported as 6.32 umole of BTEX/day. The 
other NaCl concentrations are 3.96 umole of BTEX/day, 2.67 umole/day, .728 
umole/day in 2M, 3M, 4M NaCl respectively. A chart depicting each individual rate 





















































































































































Figure 15 depicts BTEX degradation of Modicisalibacter sp Wilcox in different NaCl concentrations. Panel A-D 
represents 1M, 2M, 3M, 4M NaCl MSM media respectively. In panel A, benzene, toluene, and ethyl benzene were 
removed in 4 days, while xylene was completely removed later at 14 days. The concatenated rate of complete BTEX 
removal at 1M NaCl is 9.14 umole BTEX/day. Panels B-D all have slower rates of BTEX removal (6.33, 7.91, and 
2.94 umole BTEX/day respectively). Even in all cases, BTEX was completely removed. 
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Benzoate degradation in the presence of benzene: Benzoate is successfully removed 
after complete BTEX degradation. In the presence of benzoate, benzene was 
completely removed after 10 days, having an average removal rate of 33 umole/day 
(Fig 16). This was much slower than benzene removal rate in the absence of benzoate. 
(167 umole/day of benzene). After the complete removal of benzene (10 days), the 
beginning of benzoate removal was noted. From this point on, benzoate was removed 
in 18 days (28 days from the start of the experiment). Benzoate was removed at a rate 
of 55 umole per day. (Fig 17) 
 
Degradation of BTEX by Modicisalibacter sp Wilcox in PW: BTEX was successfully 
removed by Modicisalibacter sp Wilcox in produced water from Payne County. All 
BTEX constituents were degraded by 35 days but it can be observed that benzene, 



















Figure 17 shows the isolate Modicisalibacter sp Wilcox degrading benzoate 
over the course of 28 days.  Benzoate was removed at a rate of 55 umole/day. 


































Figure 16 shows the isolate Modicisalibacter sp Wilcox degrading benzene in 
the presence (Benzene + Benzoate) or absence of benzoate (Control) over 10 
days. Benzene was removed at an average rate of 167.33 umole/day and 38 

















































Figure 18 shows the isolate Modicisalibacter sp Wilcox degrading BTEX 
completely in 35 days in produced water from Payne county. Benzene, toluene, 
and ethyl benzene were all removed in 21 days while xylene was not detected to be 





Modicisalibacter sp Wilcox could be a strong candidate for hydrocarbon 
remediation in environments containing moderate-high levels of salt and an 
assortment of heavy metals (Cd, Cu, Co, Pb, As, Mn, Mg). Modicisalibacter sp 
Wilcox genome has an assortment of general and specific metal ion efflux pumps and 
reductases that lower the metal ion’s toxicity. As shown, Modicisalibacter sp Wilcox 
is capable of degrading and utilizing an assortment of MAH and n-alkanes in 2.5 M 
NaCl. Based on genomic analysis, Modicisalibacter sp Wilcox can theoretically 
degrade phenol, salicylate, and phenyl acetate, although functional analysis of these 
compounds was not performed. The metal ion efflux pumps and reductases outline an 
interesting environmental regulation dynamic and resistance. The genome encodes 
multiple arsenic reductases and no arsenite reductases. As(III) is much more 
systemically toxic than As(V). The As(III) produced from the action of arsenic 
reductases is theoretically exported outside the cell where other microorganisms will 
likely further reduce and precipitate it out of solution (Jonnalagadda 1993, Zobrist 
2000, Radabaugh 2000).  
 The genomically encoded hydrocarbon-degrading potential was functionally 
characterized and confirmed for BTEX, hexadecane, and benzoate. These are all 
hydrocarbons derived from oil production mediated contamination and other 
industrial processes. BTEX was removed, on average, to below detection limits in 5-7 
days when all BTEX constituents were present in one experimental microcosm. These 
compounds are of greater municipal concern due to their relatively high solubility 





The diverse presence of metal ion exporters could potentially belay 
Modicisalibacter sp Wilcox’ ability to withstand environments containing a diverse 
set of heavy metals at potentially high concentrations. Modicisalibacter sp Wilcox 
could stand as an excellent candidate to assist in remediation of oil-production 
derived produced water, one such heavy metal and highly saline contaminated water 







ANAEROBIC ETHYL BENZENE DEGRADATION BY MODICISALIBACTER SP 
WILCOX 
 
BACKGROUND: Hydrocarbon pollution has been described in both aerobic and 
anaerobic environments. Hydrocarbon degradation under anaerobic conditions is less 
characterized than its aerobic counterpart. Anaerobic ethyl benzene degradation 
primarily occurs through –NO3 and –SO4 reduction with the addition of fumarate or 
dehydrogenation of the terminal methyl group extending from the aromatic ring. 
Anaerobic ethyl benzene degradation has only been reported in a few particular 
organisms (EbN1, PbN1, a newly described Dechloromonas strain RCB, and EbS7 
respectively (Rabus 1995) (Kniemeyer 2003) (Chakraborty 2005)). 
 
MATERIALS AND METHODS: 
Anaerobic microcosm preparation: 50 ml of anaerobic 2.5M NaCl MSM media were 
prepared in 160 ml glass serum bottles (anaerobic MSM media contains 5 mM 
NaNO3, 0.4g/l L-Cysteine, 500 mg/L resazurin with N2 gas flushing for ~15-20 min 
prior to autoclaving). Microcosms were aliquoted with 1 µl of BTEX-mixture or ethyl 
benzene alone to reach final concentrations of 35-65 µmole of each BTEX constituent 
or 90-100 µmole of ethyl benzene alone. Microcosms were inoculated with 1 ml of 




BTEX quantitation using Gas Chromatography(GC) - Biodegradation of BTEX 
compounds were assayed by using a Hewlett Packard 6890 GC equipped with a flame 
ionization detector and a DB-1 capillary column (30 m by 0.320 mm by 1 m; J&W 
Scientific, Inc.). Nitrogen served as both carrier and makeup gas at flow rates of 10 
and 40 ml/min, respectively. The flow rates of hydrogen and air were set at 40 and 
450 ml/min, respectively. The operating GC conditions were the following: oven 
temperature, 70°C for 7 min; inlet temperature, 150°C; and detector temperature, 
220°C. Approximately 100 µl of headspace gas from microcosms was injected into 
the GC for quantification. The GC response for each compound tested was calibrated 
to give the total mass in that bottle. Standards were prepared in 160-ml bottles filled 
with 50 ml of NaCl solution (0 to 4 M) and were closed with Teflon-faced septa and 
aluminum caps. After equilibration at room temperature the GC response for a range 
of mass (in micromoles/bottle) of each compound tested was plotted, and the slopes 
were used to quantify the unknown. The quantification of BTEX in enrichment bottles 
was accomplished as described above by using a calibration curve prepared with 1-
liter bottles containing 500 ml of 2.5 M NaCl solution. The GC detection limit for 
benzene using our method was <1.0 umol/bottle. 
 
RESULTS AND DISCUSSION:  
 
Selective anaerobic degradation of ethyl benzene in BTEX-mixture by 
Modicisalibacter sp Wilcox: As shown in Fig 21, ethyl benzene concentrations were 
below detectable levels after 7 days. Other BTEX constituents remained at a 
concentration similar to the control benzene concentration and did not decrease for 
the duration of experiment. On day 21, ethyl benzene was re-spiked back to an 
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increased concentration (~100 µmole), and within 5 days the levels of ethyl benzene 
dropped to 9 µmole. In this case, the effective rate of ethyl benzene removal was 5.7 
µmole/day in the first instance and > 20 µmole/day following re-spiking.  
 
Anaerobic removal of ethyl benzene by Modicisalibacter sp Wilcox in the absence of 
other BTX-constituents: In the absence of BTX, Modicisalibacter sp Wilcox was able 
to remove ethyl benzene in 4 days at an average rate of 22.5 µmole/day, the fastest 
anaerobic ethyl benzene removal rate for Modicisalibacter sp Wilcox. Results can be 











































Figure 22  shows the anaerobic degradation of ethyl benzene in 4 days. The effective rate of ethyl benzene 






























Figure 21 shows the anaerobic degradation of ethyl benzene in 7 days with a re-spike of ethyl benzene 
being likewise removed in 5 days following.  The effective rate for the instance of ethyl benzene removal 





These preliminary observations show Modicisalibacter sp Wilcox’s ability to degrade 
ethyl benzene in nitrate-reducing anaerobic conditions. Interestingly, ethyl benzene 
was the only aromatic hydrocarbon to be removed over the duration of the 
experiment. As previous literature has shown, toluene is more readily degraded 
(Coates 1996b, Dofling 1990). More work needs to be done to truly confirm the 
nitrate reducing-ethyl benzene oxidation coupling through stoichiometric comparisons 


























Oil-polluted hypersaline environments are ubiquitous. These environments may be 
man-made or naturally occurring, but in either case, pollution could seep into and 
contaminate important municipal infrastructure. Organisms found in saline and 
hypersaline environments could have the potential to degrade certain oil-derived 
pollution. Enrichment and characterization of halophilic bacteria could help, in part, 
reduce remediation costs of these environments. Hydrocarbon degrading halophilic 
organisms could be potentially enriched and applied to heavily polluted saline 
environments. One of these environments include oil-production derived produced 
water; a heavy metal, saline, and hydrocarbon contaminated waste water stream being 
produced by the billions of gallons a year. 
 Microbial enrichments from Rozel point (Rozel) and Kuwait (KWT) were 
enriched, characterized, and applied to different produced waters. The KWT culture 
was enriched to 99% with one organism, an Arhodomonas sp. Metagenomic 
sequencing and KEGG pathway construction revealed the presence of certain genes 
encoding enzymes responsible for BTEX degradation.  
These enrichment cultures were both able to degrade aromatic hydrocarbons 
(BTEX) in raw produced water from Payne county (TDS= ~146,000). Each culture, 
KWT and Rozel, achieved complete degradation in 9 or 21 days respectively. 
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However, when the cultures were applied to produced water from Grant County (TDS 
~394,000), both cultures were unable to degrade any of the BTEX constituents. 
Diluting this Grant county produced water with municipal waste water not only 
rescued BTEX degradation by both the Rozel and KWT microbial culture, but it also 
accelerated the BTEX degradation rate in wastewater diluted Payne county produced 
water.   
 To switch gears, our group was interested in isolating novel organisms from 
produced water itself. An organism was isolated from this produced water having a 
99% 16s rRNA (SL2) sequence similarity to a novel halophilic organism, 
Modicisalibacter sp Wilcox. Our isolate branches closely to other known 
Modicisalibacter sp and away from closely related halophilic organisms from 
Chromohalobacter and Halomonas (SL3). M. tunisiensis was initially isolated from 
fracking flow-back water living optimally at 1M NaCl. Modicisalibacter sp Wilcox 
genome was sequenced and genes encoding enzymes for BTEX and benzoate 
degradation were identified. These enzymes funnel aromatic intermediates through 
catechol via catechol-1,2-dioxygenase for downstream ring cleavage. 
Modicisalibacter sp Wilcox also have the genetic potential to withstand a variety of 
heavy metals with its assortment genes responsible for metal ion ATP-ases and 
reductases. In an attempt to functionally confirm both benzoate and BTEX 
degradation, we developed microcosms containing these hydrocarbons. Interestingly, 
benzoate was never removed when used as the lone carbon source (Data not shown). 
However, in the presence of benzene, benzoate was detected to decrease over a 5 day 
period following the complete removal of benzene. BTEX was also degraded at a rate 
of 9.7 umole of BTEX/day in an optimal NaCl of 1M. In order to look at BTEX 
degradation rates in higher salt concentrations, we performed experiments in MSM 
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media microcosms with increasing levels of NaCl (1-4M). We saw an optimal BTEX 
degradation rate at 1M NaCl, marginally slower rates in the 2-3M NaCl range, but 
surprisingly, we saw complete BTEX degradation even at 4 M, albeit with a much 
slower average rate, at about 2.94 umole BTEX/day. Lastly, in attempt to apply this 
organism to produced water, we saw complete BTEX degradation in Payne county 
produced water in 21 days.  
 During KEGG pathway metabolic reconstruction, our group noticed the 
presence of Nrt and nitrate reductase, and sought to explore the potential anaerobic 
BTEX degradation. Although results are preliminary, Modicisalibacter sp Wilcox is 
capable of degrading ethyl benzene alone and in the presence of other BTX 
constituents under nitrate-reducing conditions. More work needs to be done to further 
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Figure SL.1 shows the BTEX degradation by the KWT culture in 50:50 produced water from Grant county and 
tap water. The Control Benzene represents an un-inoculated microcosm replicate. All lines represent specific 
monocyclic hydrocarbon amounts per microcosm. Control Benzene line () are averages from 2 microcosm 



















































































Figure SL3 depicts a 16s rRNA phylogenetic tree run with 100 bootstraps. 
Modicisalibacter sp WPC always associated itself next to the known Modicisalibacter 
tunisiensis while branching away from other known halophiles like Chromohalobacter 





Figure SL.4 shows the average BTEX removal rates shown in figures 8-13 above. Rate of BTEX removal rate is 



























Metagenomic Sequencing Results of KWT Enrichment Value/Count








Total Assembly Length 4,555,116












































































Figure SL.6 depicts the individual BTEX removal rates in 1-4M by 
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